Objective To examine the association between dietary glycemic index (GI), glycemic load (GL), total carbohydrate, sugars, starch, and fiber intakes and the risk of reflux esophagitis, Barrett's esophagus, and esophageal adenocarcinoma. Methods In an all-Ireland study, dietary information was collected from patients with esophageal adenocarcinoma (n = 224), long-segment Barrett's esophagus (n = 220), reflux esophagitis (n = 219), and population-based controls (n = 256). Multiple logistic regression analysis examined the association between dietary variables and disease risk by tertiles of intake and as continuous variables, while adjusting for potential confounders. Results Reflux esophagitis risk was positively associated with starch intake and negatively associated with sugar intake. Barrett's esophagus risk was significantly reduced in people in the highest versus the lowest tertile of fiber intake (OR 0.44 95%CI 0.25-0.80). Fiber intake was also associated with a reduced risk of esophageal adenocarcinoma, as was total carbohydrate intake (OR 0.45 95%CI 0.33-0.61 per 50 g/d increase). However, an increased esophageal adenocarcinoma risk was detected per 10 unit increase in GI intake (OR 1.42 95%CI 1.07-1.89). Conclusions Our findings suggest that fiber intake is inversely associated with Barrett's esophagus and esophageal adenocarcinoma risk. Esophageal adenocarcinoma risk is inversely associated with total carbohydrate consumption but positively associated with high GI intakes.
Introduction
Reflux esophagitis is a condition in which mucosal changes occur in the squamous epithelium of the esophagus as a result of repetitive gastric acid exposure, and tends to be more prevalent amongst obese individuals [1] . A potential complication of reflux esophagitis is Barrett's esophagus, which is a metaplastic change in the lining of the distal esophagus and is a premalignant condition for esophageal adenocarcinoma [2] . Esophageal adenocarcinoma incidence has increased dramatically in recent decades, particularly among men in Northern Europe [3] and America [4] . In the UK the diagnosis of esophageal cancer is associated with a poor 5-year survival rate of less than 20% [5] . It is, therefore, important to focus on esophageal adenocarcinoma prevention and identify potentially modifiable risk factors, and to determine at which stage in the reflux esophagitis-Barrett's esophagus-esophageal adenocarcinoma sequence that these risk factors exert their effect.
The role of dietary carbohydrate intake has not been extensively investigated with respect to cancer risk [6] , and in particular esophageal adenocarcinoma risk. The global report into food, nutrition, physical activity, and the prevention of cancer [7] found limited suggestive evidence that foods containing dietary fiber intake may protect against esophageal cancer, but was unable to distinguish between effects on esophageal adenocarcinoma and squamous cell carcinoma of the esophagus. Moreover, the same report was unable to draw conclusions on other aspects of carbohydrate intake such as starch and sugar consumption with respect to esophageal adenocarcinoma risk.
It has been proposed that diets high in refined cereals may be associated with increased risks of esophageal cancer, potentially due to the role of high glycemic index (GI) and glycemic load (GL) intakes associated with such diets [8] . Long-term consumption of a high GI or GL diet may lead to chronic hyperglycemia and hyperinsulinemia, which have been implicated as potential risk factors for cancer [9] . However, previous reports of GI and GL in relation to the risk of digestive tract cancers have produced inconsistent findings [10] [11] [12] [13] , and the association for esophageal adenocarcinoma risk has yet to be explored.
Evidence has recently emerged that Helicobacter pylori infection may protect against reflux esophagitis, Barrett's esophagus, and esophageal adenocarcinoma [14] . Given the WCRF/AICR recommendations that analyses of gastric cancers and dietary aspects should adjust for H. pylori [7] , it may be appropriate to do so for esophageal cancer also, and only one previous study has explored this potential confounder in analyses of esophageal adenocarcinoma and carbohydrate intake [15] .
The aim of the current investigation was to examine the association between total carbohydrate, sugar, starch, GI, GL, and fiber intakes and risk of reflux esophagitis, Barrett's esophagus, and esophageal adenocarcinoma in an allIreland population-based case-control study, and to examine if risk varies according to body fatness as indicated by body mass index (BMI) and waist-hip ratio or is influenced by H. pylori infection.
Methods

Study design
The FINBAR (Factors INfluencing the Barrett's Adenocarcinoma Relationship) study has been described in detail elsewhere [16] . Briefly, patients with esophageal adenocarcinoma (n = 227), long-segment Barrett's esophagus (n = 224), and normal population controls (n = 260) were recruited in Northern Ireland and the Republic of Ireland between March 2002 and July 2005. Reflux esophagitis patients (n = 230) were recruited in Northern Ireland only. Participants with reflux esophagitis (n = 11), long-segment Barrett's esophagus (n = 4), esophageal adenocarcinoma (n = 10), and controls (n = 4) who did not provide dietary information were excluded, leaving 219 reflux esophagitis patients, 220 Barrett's esophagus patients, 224 esophageal adenocarcinoma patients, and 256 population controls for inclusion in our analysis. Esophageal adenocarcinoma cases were histologically confirmed and patients were identified via clinical records from main hospitals, including the national referral center for esophageal cancer (St James's Hospital, Dublin, Republic of Ireland) or via electronic pathology records from all pathology laboratories in Northern Ireland. Patients were excluded if they were aged [85 years of age, had a previous history of esophageal adenocarcinoma, or were mentally handicapped. Barrett's esophagus patients were eligible for inclusion if C3 cm of typical Barrett's mucosa was endoscopically diagnosed and the presence of specialized intestinal metaplasia was confirmed. Patients with dysplasia were excluded. Reflux esophagitis patients were included if they had endoscopically diagnosed mucosal erosions in the esophagus, classified as grades 2-4 or grades B, C, or D using the Savary Miller/Hetzel-Dent or Los Angeles methods, respectively. Exclusion criteria included evidence of infection, documented dysmotility, or gastric outlet obstruction. Population-based controls were adults with no history of esophageal or other gastrointestinal cancer or Barrett's esophagus, reflux esophagitis and control subjects were frequency matched within 5-year age and sex strata to the distribution of esophageal adenocarcinoma patients. Northern Ireland controls were randomly selected from the General Practice Master Index (a province-wide database of all persons registered with a General Practitioner). Republic of Ireland controls were selected at random from four selected General Practices representing urban and rural areas (Dublin and Cork). The response rates of eligible participants were 74%, 82%, and 69% for esophageal adenocarcinoma, Barrett's esophagus, and reflux esophagitis cases, respectively, and 42% for controls.
Assessment of non-dietary factors
All study participants underwent a computerized interview with trained interviewers who collected information on anthropometry, education, smoking history, occupation, medication use, gastro-esophageal reflux symptoms, and a brief medical history. BMI 5 years prior to interview was estimated using self-reported weight (kg) divided by current height (m 2 ), as measured by an interviewer. Waist-hip ratio was calculated by dividing waist circumference by hip circumference, measured by interviewers post-diagnosis in reflux esophagitis, Barrett's esophagus, and esophageal adenocarcinoma cases. Prevalence of H. pylori infection was assessed in serum samples using a western blot assay, as previously described [14] .
Dietary assessment
Dietary intake was assessed using a semiquantitative version of the European Prospective Investigation into Cancer and Nutrition (EPIC) food frequency questionnaire (FFQ) [17] which was adapted for the Irish population. Participants were asked to report their habitual intake of 101 food items over the 12-month period 5 years prior to interview. GI and GL values were obtained from International Tables [18] [19] [20] . Mean daily dietary GI and GL were calculated using Q-Builder (Tinuviel Software, Anglesey, UK) as follows: [21] . Dietary fiber intake was estimated according to the Englyst method, as recommended by the World Cancer Research Fund [7] . Analyses were also conducted for fiber intake assessed using the Southgate method [21] , although the results were attenuated compared with those for the Englyst method.
Statistical analysis
Comparison of descriptive statistics between cases and controls were investigated using student's t-tests for continuous variables and Chi-squared tests for categorical variables. All analyses related to the reflux esophagitis group were limited to controls recruited in Northern Ireland only, as reflux esophagitis cases were only recruited from Northern Ireland. Unconditional multiple logistic regression analysis was applied to examine the association between total carbohydrate, GI, GL, starch, total sugars, or fiber intake and case status compared with their respective controls, using both continuous measures and tertiles of intake, to attain odds ratios (OR) and 95% confidence intervals (95%CI). In order to test for trend, each person within a particular tertile was assigned the median intake value for that tertile prior to inclusion in the regression model. Confounding variables which were adjusted for in multivariate analysis are listed in the footnotes of Tables 2  and 3 . Analyses were also stratified according to categories of BMI and waist-hip ratio. Tests for interaction between dietary variables, disease risk, and BMI or waist-hip ratio were performed using the likelihood-ratio test. Pearson correlation coefficients were calculated to estimate colinearity between all dietary variables of interest, including energy-adjusted protein and total fat intake. Statistical analysis was conducted using STATA version 9.2 (Timberlake Consultants Ltd, UK).
Results
Characteristics of reflux esophagitis, Barrett's esophagus, and esophageal adenocarcinoma cases compared with their respective controls are summarized in Table 1 . Reflux esophagitis cases were younger and more likely to be male compared to controls from Northern Ireland. Barrett's esophagus patients had a higher mean energy intake, were more likely to work in manual jobs, and had received less education than controls. Compared to controls, esophageal adenocarcinoma cases had a higher BMI, higher energy intake, were more likely to smoke, and were less well educated, less likely to hold manual occupations, and consumed less alcohol. As expected, all three case groups were more likely to have experienced gastro-esophageal reflux symptoms compared to controls.
As shown in Table 1 , reflux esophagitis cases had a higher mean starch intake, and lower mean total sugar and fiber intakes compared to Northern Ireland controls. Multivariate adjustments resulted in a non-significant reduced risk of reflux esophagitis emerged per 50 g/d increase in total carbohydrate intake (OR 0.67 95%CI 0.42-1.04). However, comparing the highest versus the lowest tertile of carbohydrate intake showed little evidence of an association with reflux esophagitis risk. Further analysis showed that the effects of starch and sugar on reflux esophagitis risk were opposing (Table 2) . Starch was directly associated with reflux esophagitis risk (OR 2.25 95%CI 1.15-4.41), while total sugar was inversely associated with reflux esophagitis risk (OR 0.54 95%CI 0.35-0.82) per 50 g/d increment in intakes. Starch intake was not highly correlated with fat (r = 0.11), protein (r = -0.17) or dietary fiber (r = 0.11) intake in reflux esophagitis cases, and including these variables as potential confounders in the regression model did not attenuate the direct association Cancer Causes Control (2009) 20:279-288 281 Table 1 Characteristics and nutrient intakes (mean ± SD) of reflux esophagitis, Barrett's esophagus, and esophageal adenocarcinoma patients and controls
Characteristics
Northern Ireland controls n = 119
Reflux esophagitis n = 219
Barrett's esophagus seen (data not shown). However, sugar intake was highly correlated with total fat consumption (r = -0.47) among reflux esophagitis cases and adjusting for fat intake did attenuate the association between sugar intake and reflux esophagitis risk somewhat (OR 0.57 95%CI 0.30-1.07). No associations were found between reflux esophagitis risk and GI, GL, or fiber intake. Further adjustment for H. pylori infection slightly strengthened the direct association between starch intake and reflux esophagitis risk, but had little impact on other associations (Table 2) . Mean fiber intake was lower amongst Barrett's esophagus patients compared with controls ( Table 1) . As shown The inverse association between fiber intake and Barrett's esophagus risk remained even after further adjustments for fat, protein, starch, and sugar intake (correlations with fiber r = -0.02, 0.31, 0.22, and -0.08, respectively; data not shown). No statistically significant associations were found between the risk of Barrett's esophagus and total carbohydrate, GI, GL, starch, or sugar intake.
As shown in Table 1 , mean dietary GI intake was higher amongst esophageal adenocarcinoma cases compared with controls. Table 3 shows a reduced risk of esophageal adenocarcinoma per 50 g/d increment of total carbohydrate intake (OR 0.45 95%CI 0.33-0.61) after adjustment for potential confounders. In contrast to reflux esophagitis risk, the inverse association remained evident for both total sugar and starch intakes. An inverse association was also observed between fiber intake and esophageal adenocarcinoma risk, although a dose-response relationship was not apparent, as the reduced risk peaked in the middle tertile of intake (OR 0.53 95%CI 0.29-0.98). No clear pattern of association was observed for GL intake; however, an increased esophageal adenocarcinoma risk was detected for each 10 unit increment in GI intake (OR 1.42 95%CI 1.07-1.89). Further adjustment for H. pylori infection did not markedly change any of the observed associations between dietary variables and esophageal adenocarcinoma risk. Energy-adjusted fat intake was highly correlated with total carbohydrate (r = -0.59), fiber (r = -0.25) and GI intake (r = 0.23) in esophageal adenocarcinoma cases and all associations lost statistical significance once fat was adjusted for in regression models (data not shown). Table 4 shows stratified analyses based upon waist-hip ratios and BMI categories, to determine if there is an interaction between carbohydrate intake, body fat distribution, and esophageal adenocarcinoma risk. The inverse association between total carbohydrate intake and esophageal adenocarcinoma risk remained across most BMI and waist-hip ratio categories. Notably, people with a high waist-hip ratio had a heightened risk of esophageal adenocarcinoma with each 10 unit increase in GI intake (OR 1.68 95%CI 1.16-2.44). In particular, people who were centrally overweight, i.e., those with a BMI C25, and a high waist-hip ratio, had a further increased risk of esophageal adenocarcinoma per 10 unit increase in GI intake (OR 1.96 95%CI 1.26-3.03). However, formal tests for interaction failed to reach statistical significance in any of these investigations. No significant interactions were observed across strata of BMI or waist-hip ratios in investigations of total sugars, starch, or dietary fiber intakes and esophageal adenocarcinoma risk (data not shown).
Discussion
In our population-based case-control study, GI, GL, fiber, and total carbohydrate intake were not associated with reflux esophagitis risk. However, the latter result appeared to be masking an opposing direct association with starch intake and an inverse association with total sugar intake. Fiber intake was inversely associated with both Barrett's esophagus and esophageal adenocarcinoma risk and high total carbohydrate intake was associated with a reduced risk of esophageal adenocarcinoma. GI and GL intakes were unrelated to Barrett's esophagus risk; however, we observed an increased risk of esophageal adenocarcinoma with increasing GI intake, which appeared to be accentuated in centrally overweight individuals. Further adjustment for H. pylori infection did not markedly change any of the observed associations.
To our knowledge, this is the first study to identify a direct association between starch intake and reflux esophagitis risk in contrast to an inverse association with total sugar intake. A previous cross-sectional study also found no significant associations with total carbohydrate intake [22] , which could well have been masking the opposing effects of these two carbohydrate constituents. The mechanisms underlying these associations are unclear. As a carbohydrate source, starch is preferable to sugar, although starch consumed as refined cereal products, which have a reduced phytochemical and micronutrient content, may be responsible for the positive association with reflux esophagitis risk [23] . Alternatively, it has been suggested that starch may play a role in mucosal damage thus increasing the risk of gastric cancer [24] , and it is plausible that starch may act in a similar manner in the development of reflux esophagitis. Total sugar intake does not distinguish between added sugars and those naturally present in foods, such as fruit and milk, and therefore further research is needed to explore the association between sugary food groups and reflux esophagitis risk. Our results also suggest that the inverse association between sugar intake and reflux esophagitis risk may be partially explained by a corresponding reduction in fat intake.
The magnitude of the inverse association between total carbohydrate intake and esophageal adenocarcinoma risk is similar to that seen in previous studies [25, 26] , the latter of which suggested that the association may simply mask a corresponding lower fat consumption. Our findings also indicate that corresponding changes in fat intake may at least partially explain the association seen. However, other bioactive constituents of carbohydrate-containing foods such as wholegrains or micronutrients from fruits and vegetables could also be contributing to the inverse association, as suggested by a number of recent reviews [4, 6, 7] .
A strong inverse association was identified between fiber intake and Barrett's esophagus risk, and we believe this is the first study to investigate this association. Fiber intake was also shown to be inversely associated with esophageal adenocarcinoma, although the effect appeared to plateau in the middle tertile of intake. Several other case-control studies have demonstrated an inverse association between fiber intake and esophageal adenocarcinoma risk [25] [26] [27] [28] [29] [30] and one other study has also illustrated the lack of a linear dose-response relationship [31] . Another population-based case-control study found that the protective effect between fiber intake and esophageal adenocarcinoma was attenuated after further adjustment for H. pylori infection [15] , which we did not observe in the current study.
There are many biologically plausible mechanisms linking fiber intake with a reduced risk of esophageal adenocarcinoma, and potentially Barrett's esophagus. A recent study demonstrated that phytic acid, which is found in highfiber foods, inhibited the cell growth rate of esophageal adenocarcinoma in vitro by reducing cellular proliferation and promoting apoptosis [32] . High-fiber diets have been associated with lower plasma concentrations of markers of systemic inflammation, such as interleukin-6, which may play an important role in carcinogenesis [33] . Other protective effects of fiber that may be of etiological importance include a reduced risk of gastro-esophageal reflux symptoms [22] , the mechanical removal of damaged cells and/or carcinogens from the epithelial surface of the esophagus [27] , or by mediating the glycemic response [34] .
GI and GL values also give an indication of glycemic responses to carbohydrate intake; GI values are based upon the 2-h post-prandial glucose response after consuming a set portion of a food, compared to a standard such as glucose or white bread, and GL values take into account both the GI and the amount of carbohydrate in foods [18] . The lack of an observed association between GL and esophageal adenocarcinoma risk is likely to be concealing the contrasting effects of total carbohydrate and GI intake. We observed an increased risk of esophageal adenocarcinoma per 10 unit increment in GI intake, which was heightened amongst centrally overweight individuals with a high waist-hip ratio. Dietary fiber is thought to enhance satiety [35, 36] and it is possible that high GI intakes, either directly or in conjunction with low intakes of dietary fiber, may alter carbohydrate and fat metabolism such that appetite is stimulated, promoting weight gain [37] . Being overweight as defined by BMI has been directly related to esophageal adenocarcinoma risk [7] and was previously found to be a risk factor for esophageal adenocarcinoma in the FINBAR study [38] . Alternatively, hyperinsulinemia, which may increase cancer risk via interactions between insulin-like growth-factor-1 and reduced concentrations of associated binding proteins [39, 40] may be a mediating factor between a high GI intake, high BMI, and esophageal adenocarcinoma risk. Although formal tests for interaction between GI, and esophageal adenocarcinoma risk and body fat failed to reach statistical significance, this may be due to a lack of statistical power and the results warrant further exploration in future larger studies. However, again it is difficult to separate the effects of GI and fiber intake from subsequent changes in fat intake. There are several limitations to the GI concept, including variable glucose and insulin responses depending upon the fat and protein content of a meal and the limited reproducibility of GI values [41] .
Other limitations of this study include the potential for dietary recall bias, and the possibility of residual confounding from unmeasured variables. Additionally, the response rate was considerably lower amongst controls compared to cases which may have introduced some selection bias. Despite this, the percentage of energy intake obtained from carbohydrates among our controls (48%) is similar to reports from the North/South Ireland Food Consumption Survey (approximately 45%) [42] , thereby suggesting the dietary carbohydrate intakes of our controls are representative of the general population. Waist-hip ratio was measured in participants after they had received a diagnosis of esophageal adenocarcinoma and it is likely that they had experienced cancer-induced weight loss prior to the interview resulting in some misclassification. However, this would only have attenuated the results shown. Strengths of the FINBAR study include its populationbased design and stringent inclusion criteria, and to our knowledge it is the first study to include reflux esophagitis, Barrett's esophagus, and esophageal adenocarcinoma patient groups.
In conclusion, we have shown that starch intake is associated with an increased risk of reflux esophagitis; however, this appeared to be counterbalanced by total sugar intake. Fiber intake is inversely associated with both Barrett's esophagus and esophageal adenocarcinoma risk. A high GI diet was associated with an increased risk of esophageal adenocarcinoma, particularly among centrally overweight individuals; however, total carbohydrate intake was inversely associated with the risk of this malignancy. Future well-designed prospective cohorts investigating carbohydrate, GI, GL, and fiber intakes and esophageal adenocarcinoma risk, particularly in overweight and obese individuals are needed to confirm our results.
